TEQL

A et

NACA RM E57G24

RESEARCH MEMORANDUM

PRESSURE DRAG OF AXISYMMETRIC COWLS HAVING LARGE INITIAL
LIP ANGLES AT MACH NUMBERS FROM 1.90 TO 3.88
By Nick E. Samanich

Lewis Flight Propulsion Laboratory
Cleveland, Ohio '

Clessificatien ecpo-1- ‘¢ (er chonzed to //‘/ ALY 2‘;&
ARSI Y T ey (f'f

B Liherity et MBEL s - oy /a’
B EEES, fL‘ ﬂ U"l TO%@E} 2200280200008
y.nmn.....‘...

[ MR R T T T
. ———
AT 1LY e e s eans ba s e ae

S— e
M OF Lrbitin Wreh B 0T HRG) T RS T e
f /%—/J/

i the Duited States wm:mtumamng
e ny

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
October 21, 1957

COMNEBENIAL

Pl Y eiczis i = ie A Copy 215
H [ - RM E57G24
e —— ™ —— T
2100 =g B=—
g Th =8 B
. =r
—— — . o i —  ep—Y, O == g E___
= — . S - b—l—g .
*‘:'—-F-*N A C A =3 &
— - D=.< = -
= =N =1
S —
=z



4597

. CB-),

=7 Tiifiiii

NACA RM F57G24 - ST Olusola

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

FRESSURE DRAG OF AXISYMMETRIC COWLS HAVING LARGE INITIAL
LIP ANGLES AT MACH NUMBERS FROM 1.90 to 3.88

By Nick E. Samsnich

SUMMARY -

The results of experimental and theoretical data on nine cowls are
presented to determine the effect of 1nitial 1ip aengle and proJjected
frontal area on the cowl pressure drag coefficient at Mach numbers from
1.90 to 3.88. The trends in cowl pressure drag coefficient were approx-
imated well with two-dimensional shock-expansion theory at the lower cowl
projected areas, but the digression from the data became increasingly
greater as the cowl area ratioc was increased and shock detachment g% the
cowl lips was approached. An empiricel chert is presented which can be
used to estimate the cowl pressure drag coefficient of cowls approsching
an elliptic contour.

INTRODUCTION

Evaluation of cowl designs for high-speed flight is a necesssary part
of a preliminary performance analysis. Several theoretical approaches
ere gvallable which give satisfactory agreement with experimental pres-
sure drag data on unity-mass-flow engine cowls in certain isolated re-
glons. The linearized source distribution method gives satisfactory re-
sults except for cases where the Mach number or the body slopes are large
(refs. 1 and 2). Van Dyke's second-order supersonic flow calculations

are limited to maximum slopes corresponding to angles of approximately
28°, 18°, and 13° at Mach numbers of 2, 3, and 4, respectively (ref. 3).
The shock-expansion method (refs. 4, 5, and 6) neglects reflection of
disturbances origirnating at the surface as well as the three-dimensional
effect. The degree to which the local disturbances are reflected is small
except at large lip angles (near shock detachment values). It is in

this area, lip angles near shock detachment values in the range from

Mach 2.0 to 4.0, that experimental dsta are needed, because most of the
spproximate methods of estimating pressures deviate sppreciably from

the exact values.
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Some recent empirical dreag measurements have been reported in ref-
erence 7 on a family of ducted biconic bodies at Mach numbers of 2.00, .
2.50, and 2.77, but no atiempt was made to compare the results with . o
theory. The only satisfactory method of predicting cowl drags theoreti- _ -
cally in this area appears to be with the use of rotational characteris-
tics. This method of solution is quite tedious and time-consuming even h _
when computed with automatic computing equipment. In view of the items
discussed and the lack of sufficient systematlic experimental testing in _ -
this area, the program reported herein was initiated at the NACA Lewis &
laborsgtory.

MODELS AND APPARATUS

An investigation of existing cowl designs indicated that an elliptic
contour closely approximeted the majority of shapes examined. A family of
nine elliptically contoured cowls wes designed which incorporated large
initisl lip angles near the detachment vglue at Mach numbers from 2.0 to ) )
4.0. The contour from the lip to the constant-6-inch-diameter section (see en
fig. 1 and teble I) on the steel models was defined by the elliptic equa- -

tion Yy = 0.4411/a2 - Xg where XO and YO are the rectangular co- {;
ordinates and the constant a was varled to give initial nominal 1lip i
angles of 20°, 289, and 34° and projected cowl areas of 20, 35, and 50 -

percent of the maximum frontal area. Static-pressure orifices were lo- -
cated externally on the cowls at axisel distances from 0.060 inch aft of

the 1ip to the constant-diameter section. The internal contour of the )
cowls was &a straight diverging taper from the cowl 1lip to the cowl exit. - ~
All the cowls hed sharp lips with a maximum radius of 0.0025 inch. ' |
Scaled drawings of the external contours are shown in figure 1, and pho-

tographs of three typical models are presented in figure 2. The models L _
were strut-supported and tested in several of the Lewils small supersonic
wind tunnels at zero angle of attack. The Reynolds number wag held rel-
atively constant during the fixed Mach number runs and had values of

5.2X106, 6.lX106, 4.9x106, and 1.1x108 per foot at the respective test
free-stream Mach numbers of 1.98, 2.47, 2.94, and 3.88.

RESULTS AND DISCUSSION

The experimental surface pressure coefficients are listed as a func-
tion of axial distance from the lip in table II. Figure 3 is a repre- } .
sentative plot showing the longitudinal pressure disiribution for both _ o
the experimental and theoretical results of the 340 initiasl 1ip angle .
cowls at & Mach number of 3.88. The trends are closely approximated with
theory at the smaller projected areas but deviate progressively as the .
projected cowl aress are ilncreased. )

aln!!!!!q;ggz-
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The experimental pressures were integrated over the cowl surfaces
and the resultant drag coefficients, based on a maximum cross-sectional
area of 0.787 square foot, were compared with values calculated using
two-dimensional shock-expansion theory in all cases where attached shock
waves existed. No attempt was made to calculate theoretical drag coef-
ficients when detached waves existed at the cowl lips, but estimates can
be made with the aid of reference 8.

Figure 4 shows the effect of lip angle, projected cowl area, and
Mach number on the cowl pressure drag coefficients. The theoreticsl re-
sults are shown only for attached shock conditions at the lip. While
the trends are approximated rather well with shock-expansion theory at
the lower projected cowl areas, the deviation between theory and experi-
ment becomes increasingly greater as the area ratio is increased. This
devietion with increasing area ratlio can be attributed to the greater
variation in radius (a larger three-dimensional effect). In most cases,
the theoretical results indicated a rather sharp rise in drag as the
shock detachment value was approached at the 1ip. The experimental
data, in general, revealed no abrupt changes when theoretical shock de-
tachment had been attained gt the lip. In the schlieren photographs in
figure 5, shock detachment at the 1lip was not apparent until Masch num-
bers substantially lower than theoreticelly predicted had been resached.
This was probably due to the fact that the initial lip angle was not
maintained for any apprecisble axial distance.

Although no data are presented, several of the cowls were run at
two Reynolds numbers at Mach 2.94. A smell effect was noted which re-
sulted in drag coefficients 3 to 5 percent higher for the cowls tested
at a Reynolds number of 2.5xlO6 as compared with those ftested at 4.9%10
per foot.

6

The experimental date are combined in figure 6 as an empirical chart
for use in estimating the cowl pressure drag coefficient for cowls ap-
proximating or having an elliptic external contour. The constant-ares
ratio lines were located arbitrarily in a manner such that the experi-
mental data for given initial 1ip angles resulted in definite trends.

The symbols in figure 6 are the actual experimental data obtained. As

an example of the use of the chart, the cowl pressure drag coefficient

gt Mach 3 of an elliptically contoured cowl, having a cowl projected area
25 percent of the total frontsl area and an initial 1ip angle of 30°,
would be found by following the arrows as shown in figure 6, resulting

in an approximate drag coefficient of 0.10.
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CONCLUDING REMARKS

The results revealed that the trends in cowl pressure drag coef-
ficient could be approximated rather well with two-dimensional shock-
expansion theory at the lower projected cowl areas, but the deviatlion
between theory and experiment becomes increasingly greater as the pro-
Jected cowl aresa ratio is increased and shock detachment at the cowl
lips is approached. An empirical chart was developed from the experi-
mental data enabling the estimstlon of cowl pressure dregs for cowls
having or approximating elliptic external contours. .

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, July 25, 1857
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TABLE 1.

- COWL COORDINATES

[A11 dimenaions in inches.]

A
P&- -
‘ 6.00 Dlam.
Cowl 1 Cowl 3 Cowl 4 Cowl S Cowl § Cowl 7 Cowl 8 Cowl 9
¥p x x ¥ X ¥r x ¥p x Ip x Ip x Ip
2.685 2.685| 0 2.420] 0 2.124| 0 2.685 2.420| 0 2.124
.10 | 2.712 .10 .10 (2,732 .10 |2.467| .10 |2.171| .10 |2.750| .10} 2.488| .10 [2.192
.20 | 2.740 .20 .20 [2.775( .20 |2.510| .20 |=2.217| .20 |2.794| .20|2.542| .20 [2.250
.40 [ 2.782 .40 .30 {2.809] .30 |2.553| .40 |2.300 .30 {2.833| .30 |2.588| .40 | 2.358
.60 | 2.822 .60 .40 | 2.843( .40 |2.592| .60 |2.380| .40 [2.870] .40 [2.848| .50 |2.452
| . ' . . . . L Lol - n - . . . P . i
80 | 2.854 .80 .50 {2.863| .60 |2.665] .80 |2.453] .60 |2.924|.. .50 | 2.7207] .80i[4.534
1.00 | 2.891 1.00 .80 | 2.8968| .80 |2.735| 1.00|2.518| .80 [2.962| .80 |2.792| 1.00 |2.6806
1.20 | 2.917 1.20 .80 | 2,937| 1.00 [2.785( 1.20 | 2,579 1.00 [2.985| 1.00 | 2.843 | 1.20 | 2.670
1.50 | 2.951 1,50 1.00 [ 2.967| 1.20 |2.830| 1.50 | 2,660} 1.20 |2.997| 1.20 | 2.890| 1.50 | 2,752
2.00 | 2.985 2.00 1.20 | 2,988] 1.50 |2.884]| 2,00 ] 2.772} 1,305|5.000] 1.50 | 2.9371 2,00 | 2.860
2.47 | 3.000 2.50 1.50 | 2.998; 2.00 | 2.953| 2.5Q | 2.859 00 | 2.989 | 2.50 | 2.934
3,00 1.57 | 3.000] 2.50 [2.991| 3.00 { 2.923 40 | 3.000| 3.00 [ 2.980
3.50 2.89 [ 3,000) 3.50 [ 2.966 | ' 3,50 | 2.990
4.00 4,00 | 2,989 3.63 [ 3.000
4.50 4.36 | 3.000
56 5.00
5.50
6.00
6.50
6.80
L] 1] ,

lesy .

-
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TABLE II. - EXPERIMENTAL PRESSURE DISTRIBUTIONS

Cowl 1

Cowl 2

Cowl 5

4597

Surface pressure Axial Surface pressure Surface pressurse
coefficlent at distance coefficient at coefficient at
Mach numbers of - aft of lip, Hach numbers of - Kach numbers of -

£
1.98 |2.47 }2.94¢ |3.88 in, 1.98 |2.47 |2.94 {3.88 1.98 |2.47 |2.94 [5.88
0.510]0.40010.345[0.512 0.07 0.506(0.41370.350|0.323 0.576|0.459[0.598|0.325
.4688] .588{ .315} .276 12 .4568| .351| .282] .271 503} .3580{ .328) .289
+40Ll] .320| .267| .242 .18 .425] .537| .298| .249 468] 558| .309| 274
.368{ .280| .232] .229 .20 421 .335( .291| .247 436| .337] .295| .251
.364) .285) .224| .186 .30 .587) .318| .261| .229 455| .3540] .309) .247
-515) .248] .208f .172 38 570{ .296| .257| .21% «410| .326] .279; .238
.276| .223f .180! .l82 48 340 .287} .253| .200 .381] .310] .267| .228
.288) .203| .157| .155 &0 .557] .277} .251} .187 .362| .285| .247] .208
.266] .208) .166| .140 T4 - «250f{ .205} .181 342| 277| .241( .198
224{ .180| .153{ .127 .88 .280| .233f .195) .16 315} .251) .217} .1685
.187} .1682] .126} .114 1.08 .257) .215) .188} .162 .27 193] 164
.167{ 134 .103} . 1.30 .197] .18%5| .136 .256| .188| .les| .139
.152} .127} .103} .088 l.gg .187| .156] .125] .1i4 .210| .173¢ 155§ .128
.118] .097} .o84] .071 1. J145]| 124§ .101] .080 .184| .157| .135| .115
080} .071] .052} .0&0 2.28 .104| .088| .082) .083 2.20 .185] .140| .l20| .100
.034] 030§ .025{ .032 2.80 .087| .076] .070| .058 2.50 .154] 1351 .117| .083
-.008[-.003} .002 006 2.96 .0T1l| .056] .050] .O45 2.75 Jd441 .128] .112| .o88
35.30 .037| .050] .028; .029 3.25 .1111 .087] 0791 .072
5.70 .008| .013; .008| .0l& 5.75 084 | .0SB] O4d | 047
4.50 -.032(-.015|-.011|-.004¢ 4.25 . .042| .056) .0S7
4.75 .034| .056| .028| .027
5.28 .022} .018] .0I2] .021
§.00 -.014 }-.013]|-.010 | .0O04
B.75 -.055 {-.030 |-.024 [-.011
Cowl 4 Cowl 5 Cowl 6
Surface pressure Axial Surface pressurs Axial Surface pressure
coefficient at digtance coefficient at coaffialent at
Mach mmbers of - aft of 1lip, Mach nuzbers of - Maoh numders of -
X,
1.98 |2.47 {2.%4 |5.88 in. 1.98 |2.47 |2.94¢ |5.88 1.90 [2.47 |2.94 |5.88
0,86110.685]10.60510.522 0.08 0.91410,756|0.693 |0.553 0.953)0.743|0.645 |0.564
755 | .610] .529] .446 .12 .81l0| .645| .621| .499 .12 <9241 .711| .806)| .538
.875] .S537| .459{ .412 .16 .751] .5965| .B51} .462 .18 .645] .680| .584| .508
.822| .503| .408} .3681 .22 .725] 5821 .508| .448 22 +TI5) .642| 554 .452
.584| .481| .427} .361 28 L716| .582| .S57| .440 «30 752} .628| 558 475
832 .449) .397] .528 36 .675]| .565] 534/ .418 .38 .66
471| .599] .558] .298 hb .619] .529} .490] .405 .50 588
587 | 324| .262] .247 54 568 .485) 443 577 «Th 4G4
23201 279 .244| .203 .64 S04 ] A3T) 418 | 535 -80 -1
238} .1865( 176} .154 .T6 414] .362] 349 | 277
1.08 336
191§ .163| .153| .l28 .80 510 .275| .266{ .224 1.50 .288
138§ .116| .030} .095 1.04 2511 . «207 | .183 1.85 238
.082] .0781 .083] .062 1.20 .216] .201| .183| .152 1.90 172
013 | 024} .023) .029 1.36 .178| .180| .l84§ .l29 2.25 102
-.005{ .008f .004] .0192 1.54 .148| .135{ .124] .}07
2.60 064
1.20 .094] .080{ .082 )| 076 2.95 0351
2.35 3.30
2.80 3.70
4.30

Cowl 7

Cowl 8

Cowl 8

Surface pressure
coefficlent at
Mach numbers of -

1.88 [2.47 |2.94 |5.88

Surface pressure
acefficient at
Hach mmbers of -

Surface pressure
coefficicnt at
Mach numbers of -

1.98 |2.47 |2.94 [3.88

1.90 |2.47 |2.94 |5.88

1.116(1.009[0.8090.775
3

1.25011.1035)0.995 {0.852
1.126§1.011] .922| .771
1.013} .887] .804( .711

.9021 .802{ .698| .640

pupn D
3RE8 B3HLE

1.225{1.074|0.958]/0.799
1.115} .875| .871] .733
1.051| .a887f .789] .691
+875] .84B} .734| .668
.905]| .836] .748] .639

.81%] .783} .7121 .606
.725| .707] .635{( .B53
B52] .567| .498| .487
485| .497| .460| .397
4Q0| .425] .391) .334

.327| .349| .308] .282
.252] .279| .241) .231
.202] .238] .215| .186
.128] .168] .1654| 135
+050| .09S| .087} .082

-.001{ .094} .052| .063
-.059( .024| .05l .033
-.057|-.005}-.00].| .OL7
-.081-.016}-.006| .012
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Cowl External 1ip angle a (Constant used
in cowl equation)

19940

'y
1

Ratio of projected cowl area to maximub--- Hi
cross-sectlonal area, 0.20

)

ym)
1 ru)
ty Lt

Cowl External lip angle a (Constant used
in cowl equation)

2 19940 8.80
5 P7043 ! 3.82
8 340 2.86

o U

atlio of proJected cowl area to maximum
rogs-sectlonal area

T
¥
I
1

(@)
[
wn

Cowl External lip angle a (Constant used
in cowl equation)

3 19940! 13.00
6 279511 5.77
9 34° 4.31

- - H

11T
mimy xaui TH
A

i Ratio of proJj
i mesE N cross-sectlion

o] 1 2 T3
Axlal distance aft of 1lip, x, in.

]
Q

Figure l. - Scale drawings of cowls defined by the cowl equation
= 0.441 a - Xo
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(e) Ccowl 9.

Figure 2. - Cowle T, 8, and 9.
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Flgure 3. — Comparison of axperimental and theoretical cowl pressure diastributlons. External lip angle,
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ot

$20L8T W VOVN




4597

CB-2 back

NACA RM ES5T7G24 GalihEREoa

Ratio of projected cowl Retio of projected cowl
area to maximum cross- rea to maximum cross-
sectional area H sectlonal area
Hr H Ly
-24 Free-stream Mach g 9:90, Pree-stream Mach L
Lnumber 1.98 ) - number, 2.47
O 5 I T
EE .35 :
.20 <
.55
.16 = _
4 HY = .20 H
g .12 5 ! .20
E : H b H ! +
o Iises H T t : }
o~
ol
o
# .08 ¥
n
a T
o
f
o SHH-]
B : ' :
B Shock expansion
o H T
=] T ¥ T ¥
g o EESEEHED
n
-
- ;
Eod t ¥
: T T
a T 1 T
3 .50
8 Free-stream Mac Pree-stream Mach 50
[ number, 2.94 number, 3.88 r
Lo
o .20
o z 1 t T
o
[ T : :
H H t b
< i BHH L35 : e
o F ¥ t H 2 s
.16 H = H
g i ] : it 5
s i l
B :
- = H
5 : A 2 :
3 .12 7 : B
: .20 : et
: HH .20
.08 - ! b
-04 : HH i :
Hid HH
H HHH
) 4 222t : 22 233255
18 22 26 | 30 26 30 34

34 18 22
External 1ip angle, deg
(a) External 1ip sngle.

Figure 4. - Effects of lip angle, projected cowl area, and Mach number on cowl pressure
drag coefflclents.
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Cowl pressure drag coefficlent, based on maximum cross-sectional area
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Free-stream Mech number, 2.94 Freée-sgtream Mach number, 3.88

Figure 5. - Schlieren photographs of cowl T.
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Fres-stream Mach mumber

Cowl pressure drag ccefficlent, based on maxisum croas-
aectlonal ares

Figure 8, - Empirical chart for estimating elliptical cowl prassura drag ccefflolents.
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WTES: (1) Reynolds mxber is based on the dlameter
of o cirels with the same arsa as that
of the capture ares of tha inlat,
*{2) The symbol * denotes the oncurrence of
buzz,
Description st paramstors Tent dnta Perforoance
Report - Angls |Angls Meximm
and Tudber | pe o [Fooor [ mewmoras | 70 e Inlet- Incuch-m- Flw | total- | Hess-flow Rexarks
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